We describe an instrument that exploits the ongoing revolution in synchrotron sources, optics, and detectors to enable in situ studies of metal-organic vapor phase epitaxy (MOVPE) growth of III-nitride materials using coherent x-ray methods. The system includes high-resolution positioning of the sample and detector including full rotations, an x-ray transparent chamber wall for incident and diffracted beam access over a wide angular range, and minimal thermal sample motion, giving the sub-micron positional stability and reproducibility needed for coherent x-ray studies. The instrument enables surface x-ray photon correlation spectroscopy, microbeam diffraction, and coherent diffraction imaging of atomic-scale surface and film structure and dynamics during growth, to provide fundamental understanding of MOVPE processes.
I. INTRODUCTION
In situ x-ray scattering is a powerful tool for investigating the mechanisms of epitaxial film growth at an atomic scale. By revealing the development of atomicscale surface morphology, strain, and defects in real time during growth, it provides understanding of the impact of growth conditions on film and interface structures, and thus optical or electronic properties. Examples of film growth processes for III-nitride semiconductors studied to date using in situ x-ray techniques include metal-organic vapor phase epitaxy (MOVPE), [1] [2] [3] [4] [5] [6] [7] molecular beam epitaxy (MBE), [8] [9] [10] and sputtering.
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Research programs using standard laboratory x-ray sources [4] [5] [6] [7] 11 for in situ studies typically monitor specular reflectivity or diffraction in the Bragg geometry, which gives sufficient intensity for real-time measurements. The chambers and diffractometers used are primarily designed for symmetric reflection conditions, and they allow observation of the evolution of film thickness, surface or interface roughness of a heteroepitaxial structure, and superlattice uniformity. Composition or film relaxation can be inferred from the evolution of Bragg peak positions and widths.
In situ studies at a synchrotron [1] [2] [3] [8] [9] [10] can employ the higher x-ray brilliance for surface-sensitive techniques such as grazing incidence x-ray scattering, 12 as well as fast-scan reciprocal space mapping and observation of weak features such as crystal truncation rods (CTRs), fractional-order peaks, diffuse scattering and diffraction a) Author to whom correspondence should be addressed. Electronic mail:gju@anl.gov b) Electronic mail: gbs@anl.gov from ultrathin films. For this purpose, various research groups have designed chambers with larger windows mounted on four-or six-circle diffractometers that provide access to asymmetric diffraction conditions and a wide range of reciprocal space. These studies are sensitive to atomic-scale surface reconstructions, step morphology, island size distributions, domain structures, and their evolution during growth. Observation of both inplane and out-of-plane peak positions and widths allows determination of both composition and film relaxation.
The system described in this paper, shown in Fig. 1 , was designed to take advantage of an emerging revolutionary development in synchrotron x-ray methodsthe use of coherent x-ray beams. Coherent beam methods allow study of the spatial arrangement of defects and distortions in a crystalline film, including atomicscale features on its surface, by observing the complex diffraction patterns they produce, known as "speckle". These techniques are sensitive to the exact arrangement of nanoscale structures, rather than just spatially averaged quantities. X-ray photon correlation spectroscopy (XPCS) reveals the atomic-scale dynamics by analysis of the intensity fluctuations in the speckle pattern.
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The dynamics of surface steps and islands revealed by XPCS 15 will shed new light on epitaxial growth mechanisms. Inversion of the speckle pattern to obtain an image of the structure, known as coherent diffraction imaging (CDI), 16 will provide a powerful new tool for in situ studies of phenomena such as step motion, 17 island nucleation and growth, dislocation and grain boundary dynamics, and strain relaxation. 18 The rapid development of coherent x-ray techniques is strongly driven by orders-of-magnitude increases in available coherent x-ray flux. Figure 2 shows the total flux and coherent flux as a function of photon energy from the current undulator source at beamline 12ID-D of the Advanced Photon Source (APS), as well as the much higher values that will be provided by the APS Upgrade. 19 The values for the flux transmitted through our MOVPE chamber walls (4 mm total of fused quartz) are indicated by the dashed curves. The optimum photon energy to maximize transmitted flux is about 30 keV for total flux and 23 keV for coherent flux. One can see that the coherent flux available from the APS Upgrade will approach the total flux now available, so all of the surface x-ray scattering techniques currently in use will be feasible with coherent x-ray beams.
Anticipating the advent of these capabilities, we have developed a next-generation instrument for in situ synchrotron x-ray studies of MOVPE. The new instrument is designed to provide the high accuracy and stability required for coherent x-ray scattering techniques during studies under MOVPE conditions. Here we describe the MOVPE chamber, diffractometer, and growth system, and its characterization and initial use at beamline 12ID-D of the APS. 19 Dashed curves show fluxes transmitted through both 2-mm-thick fused quartz walls of the MOVPE chamber.
II. SYSTEM DESIGN A. Growth chamber
The growth chamber must provide the appropriate flow geometry to introduce and mix the precursors at the sample surface, be able to reach the temperatures and pressures needed for MOVPE growth of III-nitrides, as well as be compatible with the surface x-ray scattering geometry and the stability requirements for the coherent experiments. The overall design goals for the growth chamber are summarized here: a) High resolution angular positioning of the sample with full ±180
• rotation about the surface normal; b) X-ray transparent chamber wall providing access for incident and scattered x-ray beams over a wide range of angles; c) Compact design to fit on an x-ray goniometer and minimize precursor and carrier gas usage; d) Chamber materials compatible with 1250
• C sample temperature and NH 3 environment; e) Minimal thermal drift of sample, and positional stability to the micron / microradian level after thermal equilibration; f) Separate input flow channels for group III and group V with adjustable mixing length in order to avoid parasitic pre-reactions; 21 g) Purge flow channels arranged to minimize deposition on the x-ray window and heater; h) Access for changing sample; i) Ability to easily remove the chamber from the goniometer; j) Access for additional optical probes; k) Safety, e.g. chamber and window strength.
To achieve these goals, a specialized MOVPE chamber (4) fork, (5) pin, (6) fused quartz tube for chamber wall, (7) fused quartz tube for sample mount, (8) input flow tube for group III, (9) input flow tube for group V, (10) sample, (11) molybdenum sample mounting block or susceptor, (12) heater, (13) thermocouple (type-K), (14) molybdenum leads with ceramic beads, (15) feedthroughs for the heater power, (16) bottom flange of the chamber, (17) bottom flange of the window, (18) top flange of the window, (19) ISO flange, (20) bolt circle, (21) optical port, (22) inlet port for group V flow (hidden), (23) inlet port for group III flow, (24) inlet port for window curtain flow, (25) funnel-shaped section, (26) concentric baffles, (27) heater purge inlet flow, (28) exhaust port.
design has been developed. Many of the design features are adopted from previous generations of chambers designed for in situ studies by members of our group.
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A diagram of the new chamber is shown in Fig. 3 . It employs a stagnation point, vertical-downward-flow geometry with concentric circular cross sections and a horizontal sample surface. Its essential features, labeled in Fig. 3 , are:
A differentially-pumped rotary seal 23 (1) couples a Phi goniometer circle (2) to the chamber, and enables the full
±180
• rotation of the sample and sample heater section for surface x-ray scattering experiments. The rotary seal pump out (3) incorporates a pumped inner stage and a N 2 pressurized outer stage to avoid leakage in either direction through the seal. In Fig. 3(b) , the chamber sections that rotate together with Phi are represented primarily as blue.
The upper chamber sections, consisting of the window section (green) and the inlet section (magenta), are rotationally fixed with respect to the hexapod mobile plat-form by a fork (4) and pin (5) coupling. These upper sections do not rotate with Phi when the sample/sample heater rotates. The gas inlet, exhaust, and cooling water piping thus require only limited flexibility to follow the tilting and translation of the hexapod mobile platform during scattering experiments.
Fused quartz tubes assembled with o-ring seals are used for the following items: the x-ray transparent chamber wall (6) ; the low-thermal-expansion support for the heated sample mount (7); and the input flow tubes for group III (8) and group V (9) channels. The quartz tube forming the x-ray transparent chamber wall has a 70 mm inner diameter and 2 mm wall thickness. This is sufficiently transparent at x-ray photon energies above 20 keV, while being sufficiently strong to have a safe operating pressure range from vacuum to 3.75 atm above ambient (55 psig). Fused quartz x-ray windows are a good choice for coherent x-ray methods at these high photon energies because they do not have internal or surface inhomogeneities that could distort the transmitted wavefront. Input flow tubes of different lengths can be used to adjust the path length of the interdiffusion region. All o-ring seals in the system are made of nitrile polymer to be compatible with NH 3 .
The sample (10) rests in a 0.25 mm deep, 15 mm × 15 mm square indentation in the molybdenum sample mounting block (11) , which itself sits on the low-thermalexpansion fused quartz support tube (7) . A resistive heater (12) made of boron-nitride-encased graphite 24 is attached to the underside of the sample mounting block. The lower face of the heater is insulated with heat shields made of thin molybdenum sheets. A type-K thermocouple (13) encased in an inconel sheath is embedded in the molybdenum sample mounting block and exits the chamber through an o-ring seal fitting in the bottom flange. Electrical power for the heater is provided by molybdenum leads (14) insulated by ceramic beads that connect to feedthroughs (15) in the bottom flange. The thermocouple and heater power leads are hand-formed into a loose spiral inside the support quartz. The spiral provides a spring tension to hold the sample mounting block firmly in place on the quartz support during operation. During assembly and disassembly, the block can be pulled upward a sufficient distance to access the thermocouple and heater power connections.
The bottom flange (16) on which the quartz support rests, as well as to the bottom (17) and top (18) flanges of the window, are water cooled. For sample loading and unloading, the chamber top opens at an ISO flange (19) separating the inlet section (magenta) from the window section (green). The assembled chamber can be mounted or dismounted from the Phi goniometer using the bolt circle (20) attached to the sample heater section.
A 10-mm-diameter on-axis port (21) on the inlet section provides a view normal to the sample surface through the group III input tube. Typically an optical lens is mounted and the port may be used for near-normal incidence optical measurements, such as interferometric measurements of film growth or temperature calibration, as described in Section III. Alternatively, an x-ray transparent Be window can be mounted to allow monitoring of x-ray fluorescence, including lower energies that would not penetrate the quartz chamber wall.
The chamber top inlet section has three inlet-flow ports for the group V (22) and group III (23) flows, and a window curtain flow (24) that minimizes deposition on the x-ray transparent chamber walls. Distribution channels inside the inlet section inject the flows symmetrically around the chamber axis. A funnel-shaped section of the chamber wall (25) below the window and concentric baffles downstream of the sample (26) are designed to maintain a radial flow pattern over the sample. A heater purge inlet flow (27) keeps reactive gases from entering the inside of the heater support. A tube injects this flow just below the heater, and it exits into the main chamber flow near the bottom flange. All flows exit the chamber to the pressure control valve and pump through a relatively large (20 mm diameter) exhaust port (28) .
B. X-Ray Detector and Sample Positioning
X-ray measurements require independent, high resolution positioning of a sample and detector system in a six-dimensional space (three positional coordinates and three angular components). Traditionally, the motions of both the sample and detector have been integrated into a single x-ray diffractometer. However, emerging x-ray techniques have very different requirements for stability, and in particular relative stability, of the sample and detector. For coherent x-ray scattering measurements utilizing an area detector, the stability of the sample with respect to the incident x-ray beam must be better than a fraction of the beam size, e.g. one micron, over the course of the measurement. At the same time, the area detector position must be stable to a fraction of a pixel (e.g. 25 microns) at a long distance from the sample position (typically a meter or greater) so that x-ray speckles can be resolved. These requirements have driven instrument design for coherent x-ray measurements to use separate sample and detector positioners. In addition to stability, advanced coherent diffraction imaging techniques such as ptychography 17 require that the sample be reproducibly raster-scanned with respect to the incident beam with sub-micron repeatability.
However, in addition to coherent x-ray measurements, a goal of the current instrument design is also to support full-field imaging 25 based on new x-ray optics (e.g. compound refractive lenses). For full field imaging, the relative stability of the detector optics and sample position become critical while the position of the sample with respect to the incident beam is much less critical (the opposite of that required for coherent x-ray scattering). In addition, being able to position the imaging optics close to the sample position is required to get appropriate numerical apertures and spatial resolutions.
To achieve these competing goals, a diffractometer system has been designed with three separate components to position the sample, a near detector, and a far detector. The first two of these are shown in Fig. 4 .
The first component is a high-resolution, high-stability system to move the sample. This system must be capable of moving a relatively large growth chamber with • in Phi. The hexapod mobile platform provides translations of the whole chamber in the X, Y, and Z directions, and limited rotations in Eta and Chi. The Mu circle provides rotation of the hexapod base platform. The overall height of the combined chamber/hexapod unit can also be adjusted through the SystemZ motion. The detector is positioned by separate Delta and Nu rotations about horizontal and vertical axes, respectively. The Delta motion is a compound rotation created by the DelRot goniometer and the DelHeight translation. The distance between the sample and detector is controlled by the Radial translaton.
high accuracy. In order to meet future needs, it must also be relatively easy to swap out the growth chamber for a different one (e.g. a different MOVPE chemistry or an entirely different processing technique like sputter deposition). After carefully analyzing requirements, we considered several different motion solutions. The use of complete goniometers to provide angular motions was rejected because prototype designs didn't allow for suitable sample access. The use of arcs was rejected because the necessary stability was difficult and expensive to achieve. After considering several compound motion solutions, it appeared that a hexapod was the most practical solution. However, a hexapod with sufficient total Z motion and rotation about the Phi axis was difficult to produce with the required system stiffness.
Thus, a combination of hexapod and goniometer motions was chosen (see Tables I and II for detailed performance descriptions). A relatively flat hexapod 27 provides the required sample fine motions (SampleX, SampleY and SampleZ ) along with roll (Chi ) and pitch (Eta) while providing excellent stiffness. For angular rotations about the approximate surface normal, a Phi goniometer riding on the hexapod motion is used to provide ±180
• rotation of the sample inside the chamber. While a combination of the Phi rotation and hexapod motions could rotate the sample about an arbitrary point on its surface, we were concerned about the practical stability of that during, for example, Bragg CDI imaging of a structure or defect on the sample. Thus, we added a larger, vertical-axis circle (Mu) below the hexapod to provide precise rotation about the beam position for such measurements. In addition, the Mu circle provides flexibility for incorporation of future instruments that, for example, might be too large to mount on the hexapod. Finally, to provide the required long travel in Z (e.g. to accommodate differences in incident beam height introduced by a focusing mirror), the Mu goniometer is mounted on vertical motion stage (SystemZ ). The second diffractometer component is a detector mover with a relatively short working distance (∼1 m) that has high stability and resolution. This is built on a large vertical-axis goniometer (Nu) capable of handling a vertical load of 11000 N. The rotation Delta of the detector about a horizontal axis is achieved through a compound motion provided by a long vertical translation stage (DelHeight) mounted on Nu at a radius r 0 = 750 mm from the sample, supporting a horizontalaxis goniometer (DelRot). Virtual rotation to an angle Delta = ∆ about the sample position is achieved by positioning the goniometer to DelRot = ∆ and the translation to DelHeight = r 0 tan ∆ relative to the sample height. In order to change the distance between the sample and detector, an additional translation stage (Radial ) is mounted on the DelRot goniometer, which is horizontal when DelRot = 0. This allows adjustment of the angular resolution and total subtended angle of the area detector. It also allows optical components (e.g. those needed for full field imaging) to be moved close to the chamber for operation and retracted for sample changes and to avoid collisions with accessories during long motions of Nu and Delta. The Delta tower is mounted on a manual rotation axis to allow for positioning the tower on either side of the sample centerline to provide flexibility in the addition of other characterization devices and, in particular, the simultaneous monitoring of sample reflectivity and Bragg diffraction. This motion is fixtured to allow easy and reproducible switching between the two configurations.
The errors in DelHeight and DelRot, DH and DR , can contribute to errors in the combined Delta motion; to first order, errors in Radial do not contribute. To estimate this, we can express the Delta value of the reference pixel on the area detector as
where r is the radial position of the detector relative to the center of DelRot. Differentiating gives the error in Delta as
Using values of DH and DR from Tables I and II , and ∆ = 0 and r = 250 mm, the accuracy and repeatability of Delta are 0.0014 • and 0.0007
• , respectively. The sample mover and near detector mover are mounted together on a granite platform 1 m wide, 1.2 m long and 0.2 m thick. The granite platform has a vertical hole in its center with perpendicular holes through each side to allow for the introduction of utilities (e.g. pumping or electrical) on the vertical center of rotation of the sample mover. The granite block rests on six pads located on the APS's high stability concrete floor. The order of the rotations that connect the sample and detector reference frames to the laboratory reference frame is given in Table III . been built and is outside the scope of this paper. However, its future installation has been facilitated by not permanently mounting any critical components on the back wall of the hutch. In addition to these main components, a system to reduce incident backgrounds, provide x-ray attenuators and to monitor the incident x-ray intensity is mounted just upstream of the sample mover as shown in Fig. 1 . C. Gas handling system Figure 5 shows a schematic of the gas handling system. It consists of valves, mass flow controllers, and pressure controls for the gas sources, the purge, group V, and group III flows into the chamber, and the exhaust flows out of the chamber and vent lines.
The group V precursor used is NH 3 , while N 2 and H 2 mixtures can be used as carrier flows. Ventilated gas cabinets for the NH 3 and H 2 supply cylinders and purge manifolds, as well as a liquid N 2 dewar supplying N 2 carrier gas, are located just outside the shielded x-ray enclosure. Gas purifiers are used on each of these supply lines. Engineered safety features include automatic excess-flow shutoff valves for the NH 3 and H 2 supplies and redundant pressure regulators for the H 2 supply. The heater purge flow consists of N 2 , while the window curtain flow can be a mixture of N 2 and H 2 to match the carrier gas for the group V and III flows.
Both the group V and group III sections include pressure-balanced process and vent lines, to allow switching of precursors to flow through or bypass the chamber without disturbing the stability of flow and pressure controllers. Equal make-up flows for each channel can be counter-switched simultaneously to keep the process and vent flows constant.
There are six group III channels available, with bubbler or compressed-gas precursor sources. This provides the flexibility to study the formation of alloys and heterointerfaces using different condensed-phase precursors such as triethyl gallium (TEGa), trimethyl indium (TMIn), trimethyl aluminum (TMAl), and dopants such as disilane gas. To provide a wide range of precursor flow rates into the chamber, on five channels the flow from the source can be diluted, with excess bypassing the chamber through a back pressure regulator. Most of the gas handling system, including the group III switching manifold and the group V sources, is located inside a large ventilated cabinet on the side wall of the shielded x-ray enclosure, several meters from the chamber. This allows full access to the chamber and room for motion of the detector goniometers. As shown in Fig. 1 , a small cabinet for the group III vent-run switching valves is mounted close to the deposition chamber. The short distance minimizes the delay between valve switching and change of group III vapor composition in the chamber, allowing rapid growth rate and film composition changes.
An automatic pressure regulator on the deposition chamber output flow is used to control the chamber pressure. All flows are exhausted into the chemical ventilation system for the beamline through a dry pump with chemically resistant seals. In addition to the ventilated enclosures housing most components of the gas handling system, a movable ventilation snorkel is located above the chamber to mitigate the risk of leaks at the chamber.
D. Control System
The valves, mass flow controllers, and pressure controls in the gas handling are interfaced to computers to control and monitor the vapor phase reactants. The interface consists of a programmable logic controller (PLC) with various sensors to monitor hazardous circumstances interlocked to automatically shut off gas flow if a hazard develops. Software control of the PLC, as well as the diffractometer motions, is implemented using EPICS 28 control system drivers to enable flexible and customizable measurement of growth processes. A dedicated graphical display is used to show the current state of valves, flows, pressures, and temperatures in the system, as well as the status of safety monitors and interlocks. A scriptable command-line interface implemented in the Python programming language is used to send individual commands or recipes to the system. The diffractometer control program, SPEC 29 interfaces to the EPICS drivers and thus can control and record the gas handling system state during system operation.
All operations of the MOVPE system are carried out in conformance with a Standard Operating Procedures document. This not only mitigates safety risks but also improves the quality and reproducibility of results for experiments that often span multiple operators and personnel shifts.
E. Safety Interlocks
The gas handling system includes a number of sensors interlocked to automatically place the system into a safe state if a fault condition is detected. Such a flow system abort generates an audible alarm, closes all mass flow controllers, and shuts all valves except the chamber exhaust, including the supply valves inside the H 2 and NH 3 gas cabinets.
Gas concentration sensors are located in the gas handling system cabinet and near the chamber window for the detection of H 2 and NH 3 gas leaks. The H 2 sensors generate an abort when the concentration of H 2 exceeds 500 ppm, which is far below the flammability level. The NH 3 sensors generate an abort when the concentration exceeds the toxic level (25 ppm). Additional sensors monitor ventilation flow, pneumatic valve air supply pressure, power supply voltage, and PLC function, generating a gas system abort when a fault occurs.
To mitigate the risk of a chamber overpressure in case its outlet valve is accidentally closed, the quartz window operating pressure (55 psig) is designed to exceed the gas supply pressures (40 psig). The chamber pressure is also limited by a burst disk (50 psig) and a mechanical check valve (1 psig) that vent into the exhaust system. Furthermore the chamber pressure monitor is interlocked to abort flows in the event of overpressure (3 psig).
When not in use, the flow system is locked into the abort state using a key switch. Manual abort buttons in the control room and near the chamber allow the operator to quickly abort flows in emergency situations. Additional sensors generate warnings, but not aborts, for certain other operational conditions (cabinet doors open, low water flow, low N 2 supply pressure).
In addition, both equipment and personnel protection are provided by hardware limit switches interlocked to the motor drivers of the diffractometer motions. In particular, to mitigate the pinch hazard between the Nuarm counterweight and the incident beam optics support, pressure plates covering the counterweight sides act as limit switches to stop motion.
III. SYSTEM CHARACTERIZATION A. Computational fluid dynamics simulations
To optimize the chamber geometry and flow conditions, we performed computational fluid dynamics simulations as well as experimental tests. Figure 6 shows the flow geometry in the chamber, with input flows entering from the top, and flowing down towards the sample and its mounting block, or "susceptor". It was found that the maximum total pressure without the formation of convection rolls at high T was 200 Torr, for the maximum total flow rates compatible with overall system design. 100% N 2 or a 50% N 2 / 50% H 2 mixture. Growth is controlled by the addition of very small fractions of group III precursors (e.g. TEGa) into the group III flow. Fig. 6 shows typical simulated flow streamlines and temperature, NH 3 , and group III distributions, obtained by self-consistently solving the mass, momentum, energy, and species (N 2 , H 2 , and NH 3 ) transport equations, as described in the literature. 30 A time-dependent approach based on the PISO 31 algorithm was used to solve the compressible Navier-Stokes equation, with the simulation proceeding until steady-state conditions were achieved. Since the flow of group III species are negligible compared with the group V and carrier gases, the transport of these species was modeled using the velocity and temperature profiles determined for the main constituents. The solver was implemented in OpenFOAM.
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The simulation domain comprises the whole inlet, window, sample, and downstream regions, although only the area close to the sample is shown here for clarity. This allowed us to model the development of the flow profiles within the three channels and determine the extent of upstream diffusion. A typical simulation consisted of 130,000 elements, though a finer mesh of 220,000 elements was used to ensure that the results were meshindependent.
As shown in Fig. 6(a) , the flow follows a stagnation point pattern with a thermal boundary layer extending a distance of about 10 mm above the sample. The width of this layer is strongly dependent of the flow in the inner group III channel, decreasing with increasing flow. This flow dependence explains the extension of the thermal boundary layer near the edge of the susceptor, as the flow velocity in the group V channel is typically smaller than that in the group III.
The group III flow also has a strong impact on the NH 3 distribution, Fig. 6(b) , which has a minimum at the center of the chamber. In contrast, the concentration of group III species has a maximum at the center of the chamber, as shown in Fig. 6(c) . The results shown here are obtained assuming that all group III precursor arriving at the susceptor is deposited, an assumption consistent with the growth being transport-limited for the group III precursor.
B. Thermal expansion of the sample mount
A primary design feature of the chamber is the use of a fused quartz tube mount to minimize sample motion when changing temperature. We observed that the change in the height of the sample when heating it from room temperature to 1000
• C was about 50 µm. This agrees with the calculated thermal expansion contributions from the supporting fused quartz tube (∼ 40µm) and the molybdenum susceptor (∼ 10µm), assuming a linear temperature distribution in the tube. (It is possible that the lower section of the tube remains cooler, but that expansion of the stainless steel base contributes instead.) Once the temperature distribution has stabilized, e.g. after about 30 minutes, the sample position is stable to the sub-micron precision needed for coherent x-ray measurements.
C. Temperature calibration
To avoid contamination of the MOVPE environment, our samples typically simply rest in a shallow indentation on the top surface of the molybdenum susceptor with no thermal conduction compound or other material to assist in equalizing the sample and susceptor temperatures. While a thermocouple embedded in the susceptor monitors its temperature, the sample temperature can be significantly lower because of contact with the gas environment, as well as radiative cooling. This differential temperature is affected by chamber conditions that alter conductive, convective, and radiative heat transport, such as total chamber pressure, carrier gas flow and composition, and deposit buildup on susceptor. In order to calibrate the sample temperature, we periodically measure this differential under various typical chamber conditions using an optical interference technique 33 and a reference sample.
Using a reference sample for which the index of refraction and thickness versus temperature are known, measurement of the interference fringes in the normalincidence laser reflection from the upper and lower surfaces is a robust method to determine the sample temperature. 33 For this purpose, an external diode laser beam (wavelength λ = 633 nm) enters the chamber via a lens at the on-axis port (21) in Fig. 3 that focuses at the sample position. The reflected signal is measured with a photodiode. As the sample expands or contracts during heating or cooling, the measured intensity oscillates. Fig. 7(a) shows typical intensity oscillations measured during a cycle of heating and cooling at 0.5
• /s for a (0001) sapphire sample with both surfaces polished. Flow conditions were typical for high-T growth (given in Section III A), with 50% N 2 / 50% H 2 carrier gas.
The phase change ∆φ of the oscillations can be related to the average sample temperature T by
where n(T ) is the refractive index as a function of T , c(T )/c 0 is the fractional change in the lattice parameter as a function of T , and L 0 is the thickness of the reference sample at ambient T . Accurate values of n(T ) and c(T ) for sapphire are available in the literature.
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For our reference sample with L 0 = 0.439 mm, the intensity goes through a full oscillation for a temperature change of about 20
• C. Since it is straightforward to extract the phase to ∼ 1/20 of an oscillation, the precision of the method is ∼ 1
• C; however, its accuracy depends primarily on how well n(T ) and c(T ) are known.
With the assumption that the susceptor and sample temperatures are identical at ambient prior to heating, the sample temperature can be extracted from the measured phase change by inverting Eq. (3). Fig. 7(b) shows the results of a typical calibration of the sapphire sample T as a function of susceptor T , plotted as the temperature differential, for both heating and cooling. The temperature differential is smaller in magnitude during heating than during cooling. We use a polynomial fit to the average of the heating and cooling values (smooth central in the carrier gas, and a calibration using GaN (0001) in pure N2 carrier.
curve in Fig. 7(b) ) to give the calibration for the sample T after equilibration at constant susceptor T . The above analysis neglects temperature gradients through the thickness of the reference sample. This gradient can be estimated by a thermal analysis. Of the typical total heater power of 550 W needed to reach a susceptor T of 1100
• C (sample T of 1025
• C), one can estimate that 150 W is radiated and 400 W is conducted into the gas surrounding the susceptor. This gives a thermal flux conducted through the sample of 0.08 W/mm 2 , assuming uniform flux from the top, bottom, and side surfaces of the susceptor. The thermal conductivity of sapphire 36 at 1025
• C is 7.5 Wm −1 K −1 , giving a temperature difference of about 5
• C through the thickness of the sapphire reference sample. Figure 7 (c) compares calibrations obtained from the sapphire sample for carrier gas compositions of 50% N 2 / 50% H 2 and pure N 2 . The presence of hydrogen typically reduces the magnitude of the differential by about 10 K.
We also carried out a calibration using a 0.354-mmthick GaN (0001) reference sample, using literature values for the refractive index 37, 38 and lattice parameter 39 as functions of T . The calculated GaN sample T is significantly lower that of sapphire, at the same susceptor T .
Since the thermal conductivity of single-crystal GaN
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is more than an order of magnitude larger than that of sapphire, this would not explain its lower temperature. The cooling effect may come from the endothermic decomposition of NH 3 , which is expected to be more efficient on GaN than on sapphire. Based on the enthalpy of reaction, 41 decomposition of the full 2.7 slpm NH 3 flow will absorb 112 W of power, which could significantly affect the temperature distribution. Further experiments will be required to understand the difference between the sapphire and GaN temperature calibrations. Since the temperature-dependent refractive index of sapphire is better established than that of GaN, we use the sapphire calibrations for the temperatures reported here.
D. Growth uniformity and efficiency
In situ optical interferometry can also be used to monitor film growth rates, 1 a capability that is very useful to optimize MOVPE conditions in preparation for synchrotron x-ray experiments. During GaN growth, interference oscillations occur with the addition of every 133 nm (λ/2n) to the film thickness. It is convenient to distinguish oscillations due to growth from those due to temperature changes by using a thin film on a substrate of different refractive index. We typically use a thin film of GaN on a sapphire substrate for laser monitoring of growth. Interference between reflections from the upper and lower surfaces of the film produce oscillations when film thickness changes due to growth. Using a substrate with an unpolished back surface avoids superimposing any oscillations due to small temperature variations of the substrate.
After growth of a film sufficiently thick to produce several optical fringes at the center of the sample, the thickness uniformity can be determined by characterizing the pattern of fringes across the sample surface. Our chamber geometry with optimized flows typically produces a maximum in the growth rate near the center of the sample. Fig. 8 shows the typical deposition nonuniformity observed. Asymmetry in the flow pattern due to non-concentricity of the sample mount and the chamber wall leads to the growth maximum being typically 1 mm off center. The absolute growth amount in the center is determined using the in situ optical monitor, while the distribution relative to this location is determined from the fringe pattern. To observe the fringe pattern it is convenient to use a fluorescent light with dominant wavelengths of 545 and 611 nm, giving ∼ 122 nm of film thickness per fringe. The x-ray beam typically illuminates a region on the sample smaller than 2 mm, so the growth rate is uniform to within ∼ 10% for typical in situ x-ray experiments.
Under a wide range of GaN MOVPE conditions, the growth rate is proportional to the input flow rate of the Ga precursor, independent of temperature. A TEGa supply of 1 µmol/min gives a growth rate near 0.1 nm/s. We have measured this linearity over growth rates from 0.001 to 1 nm/s. One can determine the overall efficiency of growth by dividing the number of moles of GaN deposited, based on the distribution in Fig. 8 , by the number of moles of precursor supplied. We observe an overall efficiency of ∼ 9%. 
IV. X-RAY SCATTERING PERFORMANCE
The performance of the chamber for in situ surface x-ray scattering under growth conditions, including realtime monitoring during crystal growth, has been systematically studied. We have also demonstrated the precision and reproducibility of sample positioning using microdiffraction from a patterned substrate, and chamber stability sufficient for coherent x-ray scattering. Measurements were made using x-ray energies in the range 24 to 26 keV.
A. Wide-angle surface x-ray scattering
To demonstrate precision of sample rotation, Fig. 9 shows measurements of the rocking curves of out-of-plane and in-plane Bragg peaks of GaN crystals with (0001) surface orientations. The 0.0022
• full-width at half maximum (FWHM) of the (0002) reflection demonstrates the Eta motion of the hexapod, while the 0.0022
• FWHM of the (2020) reflection demonstrates the Phi motion and the rotary feedthrough of the chamber. Figure 10 shows examples of surface-sensitive scattering from a GaN single crystal with a semipolar (2021) surface orientation. The sample was at 476
• C under standard N 2 and NH 3 flows. Fig. 10(a) shows a CTR, which is a streak of scattering extending normal to the crystal surface.
12 Fig. 10(b) shows an in-plane scan measured at grazing incidence. Both scans demonstrate the ability to follow a desired path in reciprocal space by motion of multiple angles, with the incident angle α kept fixed.
B. Real-time monitoring of growth
Using an earlier generation growth chamber and system, we previously mapped the transitions between homoepitaxial growth modes on GaN single crystals with (1010) surface orientations.
3 Figure 11 shows a real-time measurement of oscillations in the CTR intensity during homoepitaxial growth under similar conditions using the new chamber. Each oscillation corresponds to the growth of one monolayer of the crystal. In this case, measurements were made with a transversely coherent beam. This verifies that we can carry out dynamic growth mode studies with coherent x-ray illumination using the new system.
C. Reproducibility of positioning -Microdiffraction
To demonstrate that the chamber can be used to study surface morphology variations on a micron length scale, microdiffraction measurements were made from a patterned GaN sample, as shown in Fig. 12(a) . The incident beam size was 5 µm(Y)×50 µm(X), and the sample was at T = 476
• C under typical NH 3 and N 2 flows. Fig. 12 (b) shows the diffracted intensity distribution near the GaN (0002) Bragg peak measured on an area detector, with the incident beam centered on a surface trench. Two CTRs can be seen with angles ±18
• from horizontal, arising from the two tilted side walls of the trench. By monitoring each CTR as the sample position is scanned, as shown in Fig. 12(c) , we can separate the scattering from each side wall and characterize the spatial resolution of the measurement. The 5.9 nm separation of the peaks in Fig. 12(c) is consistent with trench width measured postgrowth with scanning electron microscopy. The results indicate that the system has the high position resolution and angular stability needed for microdiffraction studies.
D. Stability of system for coherent x-ray scattering
To more stringently test the stability of the chamber and diffractometer for experiments with coherent x-ray beams, we measured speckle patterns from surface steps on a miscut GaN (0001) sample. The sample was at room temperature, and had a surface orientation 0.29
• away from (0001). Measurements were made near the (000L) CTR at L = 0.9. A 24.05 keV (λ = 0.0516 nm) partially coherent beam of diameter w = 5 µm was used, giving an expected speckle size of s = 0.886λ/w = 9 µrad. 42 Using a CCD area detector with 20 µm pixels located 2.33 m from sample on the back wall of the hutch, each pixel subtended approximately one speckle.
After normalizing to the incident intensity, we analyzed the normalized intensity fluctuations I(t) in each pixel using the standard XPCS autocorrelation function, Fig. 13(a) shows the autocorrelation from a time series measured at a fixed location on the sample. The flat signal indicates that the speckle pattern is static on the 1500 s time scale, indicating that the chamber and diffractometer are very stable. Fig. 13(b) and (c) show the autocorrelation function obtained when the sample is scanned along the Y and Z directions, respectively. In this case, the time variable in Eq. 4 corresponds to a spatial variable, and the speckle pattern is expected to evolve with a correlation length equal to the transverse coherence length of the x-ray beam. Fits to an exponential function (red curves) give coherence lengths of 2.8 µm and 2.1 µm in horizontal (Y) and vertical (Z) directions, respectively, which are in reasonable agreement with calculated values based on the beamline source size and fo-cusing optics. The small peak away from zero is likely an artifact due to insufficient averaging because of the limited range of the scan. These preliminary results indicate that the system is sufficiently stable to observe the time dependence in speckle patterns from GaN surfaces under MOVPE conditions, enabling XPCS measurements of atomic-scale dynamics.
V. SUMMARY AND OUTLOOK
Despite major advances in the development of devices using III-nitride materials, many fundamental questions remain regarding the synthesis of these metastable materials that could bring applications to a new level. The unique features of this instrument will bring to bear advanced coherent x-ray techniques (surface XPCS, CDI, and microbeam diffraction) to reveal the atomic-scale processes occuring during MOVPE growth of these materials.
Initial studies planned include determining step dynamics in the MOVPE environment, both at equilibrium and during step-flow growth. The dependence of step, kink, and adatom energies and dynamics on surface and step orientation has a fundamental impact on crystal growth mechanisms. Yet standard incoherent xray methods have been blind to these processes, because the average structure remains constant at equilibrium or during steady-state step-flow growth. Surface XPCS 15 will reveal these dynamics. In addition, XPCS studies of two-time correlations 43 will provide a qualitatively new view of non-steady-state processes, such as layer-by-layer growth, revealing the effects of surface dynamics on correlations in island nucleation sites on subsequent atomic layers. These studies will greatly enhance our fundamental understanding MOVPE and allow for the development of improved synthesis methods for nitride materials, helping to enable the fabrication of next-generation devices with atomic-level control.
